Abstract-We present the results of a device that uses controllable microbubble actuation to manipulate bioparticles. In order to create a useful device for controlling the position of bioparticles, predictable microfluidic actuation is crucial. The goal of this project was to develop fundamental technology that can be used to manipulate single bioparticles (e.g., cells). We use a thermal bubble actuation method to accomplish this goal. Microbubbles have the advantages of relatively simple electronics and fabrication but can be difficult to control. In this paper, we describe two specific accomplishments: the use of micromachined nucleation cavities to precisely localize thermal bubbles and to achieve controllable bubble formation temperatures and bubble dissipation and the demonstration of controllable microbubbles in a new device for particle sorting.
I. INTRODUCTION

M ICROELECTROMECHANICAL systems (MEMS)
have great potential in the biomedical field [1] . Microscale devices can be used for clinical applications, such as drug or blood testing, and also for basic biological research into cells and DNA sequencing. While MEMS devices can take advantage of small sample sizes and high throughput that are not possible on the macroscale, there still are significant obstacles that must be overcome to make MEMS devices feasible for most biomedical applications. One of the critical issues for biological MEMS is the movement and control of fluids and particles in fluids on the microscale.
There are several methods of microfluidic actuation currently in use [2] - [4] . Many actuation schemes involve the deflection of a silicon membrane in order to displace fluid. In thermopneumatic pumping [5] , [6] , gas in a sealed chamber bounded by a membrane is heated so that the thermal expansion of the gas deflects the membrane and pushes fluid. Membranes can also be deflected electrostatically [7] , [8] or using piezoelectric materials [9] to move fluids. Another mode of actuation uses bimetalic structures and takes advantage of the thermal expansion mismatch between two different metals [10] . Electromagnetic actuators work by moving a magnetic mass suspended by a spring beam with a magnetic field generated by an external solenoid coil [11] , [12] . Another novel approach to actuation is the use of stimuli-responsive hydrogels [13] . These hydrogels expand or contract reversibly in response to an environmental change, such as a change in pH of a solution. Electrolyte solutions may be moved through the application of electric fields to generate electroosmotic flow [14] . Bioparticles in fluids may be manipulated using dielectrophoresis [15] . Using this method, a cell may be captured and held against a bulk fluid flow using a nonuniform electric field created by four extruded electrodes. While all of these techniques have advantages, many of them cannot easily be scaled up into an array due to complicated fabrication or electrical connections.
An alternative actuation strategy that has potentially good scaling properties is the use of thermally formed microbubbles. Several microfabricated devices have been proposed that employ microbubbles as actuators, valves, and pumps [5] , [16] - [24] . The earliest use of bubble formation to create a jet of fluid was in the inkjet printer industry [25] - [28] . By using a thin-film heater to form a vapor bubble, thermal inkjet pens fire drops of ink out of chambers due to the volume expansion created by the bubble. The explosive vaporization used in the inkjet printing industry already has been proven as an effective, reliable fluid actuation mechanism. A similar approach has been used to eject precise volumes of a solution containing DNA onto a glass surface, thereby creating a DNA microarray for biological screening [29] . Evans and coworkers used vapor bubbles as valves and pumps in their micromixer [20] and in their 'bubble spring and channel valve' [21] . This group later used electrochemical bubbles instead of vapor bubbles in a device because they reported difficulties with residual bubbles [30] . The residual bubbles remained an issue even with this technique. Their experience illustrates some of the problems with the use of microbubbles; namely that bubbles may not dissipate when the heat is turned off, and that devices are unable to properly manipulate the bubbles to place them in desired locations. Vapor bubbles also have been used as a means of mechanical actuation. Lin and coworkers used microfabricated polysilicon resistive heaters to boil Fluorinert liquid and form a vapor bubble underneath a microfabricated paddle [22] , [31] . The vapor microbubble was found to be stable, and the size was controllable within a range of currents. In this way the paddle could be moved up and down depending on the current applied to the heater. Fig. 1 . Schematic of the operation of the device is shown. When a back pressure is applied, a bioparticle may be drawn into a capture well (A). The capture well can be sized to accommodate only one particle. Then, when a bulk flow is applied over the top of the device, all the uncaptured particles are swept away (B). In order to release the particle, a voltage is applied to the resistive heater in the bubble chamber and a bubble forms (C). As a result, the volume expansion in the bubble chamber pushes out a jet of fluid that ejects the bioparticle from the capture well where it may be entrained in the flow and carried away (D).
These examples illustrate the potential of bubble actuation. There previously has not been a complete experimental or theoretical framework for design and implementation of bubble systems with robust operation characteristics. For microbubbles to be a useful tool for MEMS devices, it is necessary to be able to form bubbles in predetermined locations while minimizing the power necessary to do so, and to be able to do this in a controllable way. An equally important issue is that when the heater used to form a bubble is turned off, the bubble must dissipate. Dissipation can be difficult to achieve because dissolved gas comes out of solution and creates a stable gas (not vapor) bubble. Residual bubbles can severely impede (or even prevent) proper performance of a microbubble-powered device.
In this paper, we present a resistive heater that uses micromachined cavities as controlled bubble nucleation sites in predetermined locations at a reduced superheat from conventional thin-film heaters. We also demonstrate ways to minimize the dissipation time of the bubbles. We then demonstrate the initial operation of this heater in a novel bioparticle manipulation device.
II. DEVICE OVERVIEW
To establish proof of principle, our goal is to create a device capable of capturing and releasing bioparticles in a controlled fashion and to have the potential of scaling it up into a large-scale array. Fig. 1 depicts a prototype device that provides a well into which a bioparticle (e.g., a cell) is trapped using a pressure gradient. The particle then can be selectively released by localized microbubble actuation wherein a heater creates a bubble in the bubble chamber (situated immediately below the particle well). The expanding bubble expels a jet of fluid that carries the bioparticle out of the well. Fig. 2 shows the dimensions of the bioparticle actuator. An array of these devices could be micromachined to create a massively parallel system. Arrays of wells with suction previously have been used to trap plant cells for cell fusion experiments [32] .
III. MATERIALS AND METHODS
A. Theory of Bubble Nucleation
In order to better control microbubble formation, it is first necessary to understand the bubble nucleation process. When liquid is heated in the presence of a solid surface, heterogeneous nucleation usually occurs. In this regime, bubbles typically nucleate in cavities (surface defects) on the heated surface. The degree of superheat necessary to nucleate a bubble in a cavity is inversely dependent on the cavity radius, as shown in (1) [33] ( 1) where is the surface temperature (K), is the saturation temperature (373 K for water), is the surface tension for water), is the latent heat of vaporization (2.26 ), is the vapor density (0.60 for water), and is the cavity radius (m). For example, the surface temperatures necessary to nucleate bubbles in water with surfaces that have cavity radii of 1 and 6 are about 132 and 106 , respectively. A cavity of 0.2 , on the other hand, would nucleate bubbles at 256 , which approaches the thermodynamic superheat limit of water (270-320 ). Bubbles on surfaces containing cavities smaller than this would, therefore, spontaneously form before they are able to nucleate in a surface cavity. This is called homogeneous bubble nucleation. For this reason, a process was developed whereby cavities approximately 6 wide and twice as deep could be formed in the middle of platinum thin film heaters on quartz wafers. These cavities then could act as controlled heterogeneous nucleation sites for bubble formation.
B. Resistor Heater Layer Fabrication
The bottom layer of the device contains the microetched cavity and the heater layer for controlled bubble formation. The process flow for this layer is shown in Fig. 3 . A four-inch quartz wafer is coated with a 1 polysilicon layer by low-pressure chemical vapor deposition (LPCVD). The microcavities then are patterned using standard photolithography (OCG834 photoresist spin-coated at 2500 rpm), and then the pattern is etched into the polysilicon using a plasma etch. Next the quartz is etched, using the polysilicon as a hard mask, with a plasma for 75-130 min depending on the desired depth. After this, the polysilicon mask is stripped in plasma, and the resistors are patterned with photoresist for a lift-off process. A 100 adhesion layer of titanium followed by 1000 of platinum is deposited by an electron beam tool, then any metal on top of photoresist is lifted off when soaked in acetone. The final step is to anneal the wafers at 600 in nitrogen for one hour.
Some of the quartz resistor wafers were coated with either CYTOP (Sigma-Aldrich, Milwaukee, WI) [34] or silanized to render the surfaces hydrophobic. The method for CYTOP deposition is to prebake a quartz resistor wafer on a hotplate at 90 for 30 min, then spin on the CYTOP at 2000 rpm for 30 s (1 thickness), and then postbake on a hotplate at 90 for 30 minutes [35] . To silanize a wafer, it is put in a vacuum jar with a dish containing a few drops of a silanizing compound (tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane, United Chemical Technologies, Bristol, PA) and then pumped down to the mTorr level for two hours [36] .
C. Silicon Bioparticle Manipulation Layer Fabrication
The bioparticle manipulation layer of the device is fabricated on a four-inch diameter, 400 thick, double-side-polished silicon wafer. The fabrication process for this layer is shown in Fig. 4 . First, 1000 of thermal oxide is grown on the silicon wafer in a tube furnace. Next, the top side of the wafer is patterned with standard photolithography to define the capture wells, and the exposed oxide is etched using a buffered oxide etch. The resist is stripped, and the top side of the wafer is patterned again using standard photolithography to define the narrow channel. Next, the silicon is etched using a deep RIE 80-100 to create the bubble jet channel. At this point the resist is stripped and the oxide mask is used to etch the capture wells about 20 , also using a deep RIE etch. The back side of the wafer is then patterned with thick photoresist (10 ) to define the bubble chambers. The wafer then is etched about 300-350 until the chambers intersect the narrow channels defined from the front side of the wafer.
D. Device Assembly and Flow Chamber
The microbubble actuator was manufactured by bonding the bottom quartz resistor heater to the top silicon bioparticle manipulation wafer. To do this, both the silicon and quartz wafers first are diced into chips using a diesaw. The quartz resistor chips are coated with 1 of CYTOP as described above, then immediately afterwards are bonded to the silicon device chips using an aluminum jig on top of a hotplate at 160 . The chips are optically aligned and bonded in the jig with a 10 kg weight on top for 2 hours, then cooled for another hour before removal from the jig [35] . A schematic of the final device assembly can be seen in Fig. 1 .
Next, a flow chamber was machined to test the device (Fig. 5) . In addition to the inlet and outlet for fluid across the top of the chip, there is an additional port that can be used to fill the heater chambers or alternately, to provide a pressure drop to draw particles into the capture wells. An aluminum block (a) is machined with inlets, an outlet, and a depression in which the chip can sit. A PDMS (polydimethyl siloxane, Sylgard 184, Dow Corning) gasket (b) rests in the depression. The quartz resistor chip (c) bonded to the silicon chip (d) sits on top of the gasket. Another PDMS gasket (e) is placed on top, which is covered by a glass slide (f). The top aluminum cap (g) is screwed down into the aluminum base to create a fluidic seal.
E. Experimental Testing of the Device
The quartz resistor wafers were tested using a probe station and a semiconductor parameter analyzer to ramp up the voltage while measuring the current in the resistor. The platinum resistors were calibrated to determine the temperature/resistance characteristic so that the temperature of the resistors could be determined from the resulting I-V curves. Resistor wafers were fabricated with and without bubble nucleation cavities, and then some of them were coated with CYTOP or silanized. The quartz resistor wafers were tested alone, without the silicon bubble chambers bonded on top. Testing was carried out using a thin layer of deionized water that had been degassed just prior to testing by boiling it for several minutes. A glass cover slip was placed over several drops of this water during testing in order to reduce evaporation. The platinum resistors had resistances ranging from 70 to 300 ohms. Voltage was ramped up one half volt at a time, every 8 ms until a bubble was formed, and then immediately turned off. Maximum voltages ranged from 3 to 10 V. For some measurements the bubble formation was video taped so that the maximum bubble diameter and bubble dissipation time could be measured.
An experiment was run to determine the effect of having cavities in resistive heaters, as well as the effect of the different surface treatments. To this end, resistor wafers were prepared six different ways: bare quartz with no cavities, bare quartz with cavities, silanized quartz with no cavities, silanized quartz with cavities, CYTOP-coated quartz with no cavities, and CYTOPcoated quartz with cavities. Testing was carried out as described above. Twenty-four resistors were tested on each wafer. Statistical analysis of this data was performed using ANOVA, to confirm that the changes in bubble formation temperature were statistically significant.
Repeatability of bubble nucleation was tested for a CYTOPcoated wafer with etched cavities. For each trial, 44 different CYTOP-coated resistors were tested. Testing was carried out as described above, and five sets of 44 data points were taken.
Bubble dissipation kinetics were also measured during the repeatability testing of the CYTOP-coated wafer. The bubble formation and dissipation on each resistor was videotaped. Using The inlet to outlet flow is used to introduce bioparticles and to create the bulk flow during testing. The backflow port is used to draw fluid from the flow chamber through the particle well into the bubble chamber for the purpose of drawing particles into the capture well. the video data, bubble dissipation times were measured and were compared to the maximum bubble diameter. The bubble diameter was measured from the video of the bubble formation.
To test the full device, it was first vacuum-filled with 0.05% Triton X-100 surfactant solution and then placed in the flow chamber [37] . A surfactant solution is used in order to prevent bioparticles from sticking to the device surfaces. A solution of 10 diameter polystyrene beads flows over the top of the device, using a syringe pump (KD Scientific KDS200, New Hope, PA). Electrical contact is made using probes on a probe station, and bubbles are formed in the bubble chamber using the same method described above for the resistor wafer testing. It is important to note that each bubble chamber contains one resistor with one cavity.
IV. RESULTS
A. Controllable Microbubble Formation
For the resistors with patterned 6 square nucleation sites, bubbles formed exclusively in the cavities on almost every trial with the two hydrophobic surface preparations, but almost never formed exclusively in cavities on the bare quartz. Fig. 6 shows bubble formation in a microcavity with hydrophobic preparation. Specifically, bubbles formed only in cavities for wafers with hydrophobic surface treatments in 47 out of 48 measurements, whereas bubbles formed only in cavities for uncoated wafers in 1 out of 24 measurements.
The apparent bubble formation temperature depends on both the presence of cavities and on the surface properties, as shown in Fig. 7 . There are two trends that can be observed in this figure. First, irrespective of surface treatment, apparent bubble formation temperature is lower for resistors with cavities than without cavities. From an ANOVA (analysis of variance), for uncoated wafers, for CYTOP™ coated wafers, and for silanized wafers. is the probability that the null hypothesis is true, i.e., that there is no difference between the data sets.
indicates that the variation between the data sets is statistically significant. The second trend, for the wafers with cavities, is that those with hydrophobic surface coatings have the lowest apparent temperature of bubble formation.
The effective temperature of bubble formation appeared most repeatable for etched cavities with silanized surface treatment, ranging from 105 to 115 . However, for biological applications, it is essential that aqueous fluid, preferably saline, be used in the device imposing a requirement that the resistor surface be passivated to prevent the electrolytic breakdown of water. Therefore, because CYTOP passivates the resistor surface while silanization does not, we explored more vigorously the repeatability among chips and across trials for CYTOP-coated surfaces with etched cavities (see Fig. 8 ). The range over which the apparent bubble formation temperature varied for 44 independent resistors in five trials was approximately 20-30 . With regards to bubble dissipation, all bubbles formed by the experimental protocol on CYTOP-coated wafers dissipated in less than 20 s. Bubbles with larger initial diameters dissipated more slowly than smaller bubbles (see Fig. 9 ).
B. Microbubble Bioparticle Actuator
The microbubble bioparticle actuator, built with a single cell capture well and bubble chamber, functioned in accordance with the design depicted in Fig. 1 . Specifically, observing the silicon chip surface through a sequence of video frames (see Fig. 10 ) with a polystyrene bead as the bioparticle, one can visualize the bead being drawn into the well, remaining trapped there against a bulk flow, then being released from the well by a bubble formed in the chamber below and entrained in the flow and carried away.
During testing, it became clear that the bead entrainment in the bulk flow was dependent on the bulk flow rate. At too low a bulk flow rate, the bead would be ejected from the capture well and then drawn back inside. When the bulk flow rate was increased, the bead was ejected from the well and carried by the flow out of the chamber.
V. DISCUSSION
Our objective was essentially twofold: To establish a mechanism for bubble formation that is sufficiently deterministic to be used as an actuation scheme, and to demonstrate the actuation scheme in a proof-of-concept device. With respect to the first goal, our data suggest we were able to take largely stochastic thermal bubble formation and control the conditions sufficiently to turn bubble formation into a relatively deterministic process at the macroscopic scale. With etched cavities, hydrophobic surface coatings, and the use of de-gassed water as the test liquid, we could precisely locate the position at which bubbles form, control the temperature at which they form to within 20-30 , and achieve full dissipation in less than 20 s.
On unpatterned resistors, several bubbles would spontaneously nucleate at the same time at random locations on the heaters at temperatures of . The addition of a hydrophobic layer (either CYTOP or silanization) over resistors with etched cavities resulted in bubble formation exclusively in Fig. 10 . Sequential photos of device operation during bead capture, holding, and ejection. In the first two frames, a backflow pulls a 10 m bead into the capture well. At t = 0:00 s, a bead is trapped in the well and held against a flow of 10 mL/h. When the resistor is heated, the bead is rapidly ejected from the well (t = 0:77 and t = 0:87 s). In the final frame, the bead is entrained in the flow and carried out of the chamber. the cavities. While uncoated wafers with cavities almost never formed bubbles exclusively in the cavities, the surface coatings resulted in approximately 98% bubble nucleation in cavities. We believe that the hydrophobic layer made it possible for the cavities to trap more air to act as a seed for bubble nucleation.
As the bubbles nucleated in cavities for the two treated wafers, it makes sense that they formed at lower temperatures, since the bubble formation temperature is inversely proportional to the size of the cavity in which the bubble forms. The higher apparent bubble formation temperature for the CYTOP-coated wafers in comparison with silanized wafers can be explained by the greater thermal resistance of the CYTOP. Since the CYTOP layer is 1 thick, considerably thicker than the effect of silanization, it follows that this added thermal resistance would require a higher resistor temperature (and hence a higher apparent bubble formation temperature) to achieve the same temperature at the site of bubble formation as occurs for silanized wafers with no added thermal resistance. Thermal modeling (results not shown here) suggests that the temperature drop across the CYTOP layer could be 10-20 at bubble formation, which is consistent with our finding that the apparent bubble formation temperature (the resistor temperature) is about 15 higher for CYTOP-coated versus silanized.
The final decision to use CYTOP as the surface treatment for the resistors in the proof-of-concept device was based upon several factors. The bubble formation temperature was actually more repeatable for the silanized resistors than for the CYTOPcoated resistors, but silanization does not passivate the resistor surface, making the use of ionic solutions difficult since water could undergo electrolytic breakdown in operation. Since we plan to use this device for bioparticles and cells, the use of deionized water will not be practical. Also CYTOP provides a good bond between the quartz and silicon wafers, simplifying the fabrication of the finished device.
As mentioned earlier, several groups have reported difficulties with residual bubbles in both thermal and electrochemical bubble devices [16] , [17] , [21] , [30] . When bubbles are thermally generated in water, dissolved gas diffuses into the vapor bubbles, resulting in air bubbles left behind when the heater is turned off. When we first began working with vapor bubbles, we experienced similar problems, but then found a protocol whereby residual bubbles could be avoided. The bubble dissipation time was decreased largely due to the identification of factors that allow dissolved air to diffuse into the bubbles. Since water vapor will condense back into the liquid form after heat is removed, it was determined that air in the vapor bubbles was slowing down the dissipation time. We found that boiling water before using it to test the resistive heaters reduced the amount of dissolved air since the solubility of air in water decreases with increased temperature. However, using preboiled water was not the sole solution since after boiling the water, it was impossible to prevent some air from dissolving back into the solution before testing. We also found that by limiting the heating time after the bubble is formed, it would limit the amount of air that could diffuse from the water into the vapor bubble. By degassing the water by boiling and limiting the heating time of the vapor bubbles, we have succeeded in reproducibly creating vapor bubbles which take less than 20 seconds to dissipate completely, yet are large enough to actuate the bioparticles tested. Additionally, the bubbles collapse gradually over the measured time, and no surface damage has been observed after as a result of the bubble collapse.
Because the goal in the future will be to use the bioparticle actuator to capture living cells, finite element thermal modeling was performed in order to determine whether the operation of the heaters would significantly affect the temperature of the cell capture wells [38] . An order-of-magnitude heat penetration calculation can help demonstrate that heat does not penetrate close to the captured cell. Equation (2) is used to calculate the penetration depth of a heater that is on for ms (the maximum time a heater is turned on). is the thermal diffusivity of water (1.5 ).
(2)
As we can see in Fig. 2 , the depth of the water in the bubble chamber is about 330 , so if the heat propogates 120 , the cells above would not experience a significant temperature change.
The proof-of concept device was able to successfully capture, hold, and release polystyrene beads. There are several steps that are necessary in order to use the device for single cell analysis. First, we must test the device using biological cells in solution and confirm that cells are not adversely affected by the device. A small array of devices then could be fabricated and used with live cells. Issues for this step would include effective single-cell capture and electrical control of the heaters. The final step would be to create an array of several thousand cell actuators on a chip, so a large array of single cells could be observed and sorted.
VI. CONCLUSION
In conclusion, we have demonstrated that, using resistive heaters with micromachined nucleation sites, bubbles can be formed in precise locations, at temperatures that are repeatable to within [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , and then can dissipate completely within seconds of formation. This technology and method for yielding a rather deterministic bubble formation process is on the critical path for using bubbles as a robust actuation scheme. The fabrication technology involves materials that are biocompatible and processes that are scalable. In a proof-of-concept device, we demonstrated that bubble actuation could be used to actuate cell-sized particles. A device has been demonstrated which uses this technology to actuate single bioparticles.
